1. Introduction
===============

Adolescent idiopathic scoliosis (AIS) is a complex spine deformity with different grades of spine involvement in the frontal, sagittal, and axial planes. Posterior spinal correction and fusion with segmental pedicle screw instrumentation is the mainstay of surgery for AIS, allowing segmental instrumentation in multiple vertebrae across a multilevel fusion area and providing strong pullout strength and desired deformity correction.^\[[@R1]--[@R3]\]^ Despite its advantages, its efficacy remains controversial when applied at the thoracic level, owing to relatively small pedicle dimensions.^\[[@R4]\]^ Screw misplacement may reduce the pullout strength or lead to severe complications involving the nearby visceral, vascular, and neurologic structures.^\[[@R5]--[@R7]\]^

The incidence of screw misplacement increased up to 43% ^\[[@R8],[@R9]\]^ when all screws were postoperatively evaluated by computed tomography (CT). Thoracic pedicle screw fixation is potentially risky because of little space between the spinal cord and medial wall of pedicle in the concave side of nearby apex vertebrae. The incidence of screw-related neurologic complications ranges from 0% to 0.9% ^\[[@R8],[@R9]\]^ during the treatment of spinal deformities with thoracic pedicle screws. Mac-Thiong et al ^\[[@R7]\]^ reported 9 cases of total pedicle screw misplacement relative to the spinal canal during posterior surgery for AIS; furthermore, the incidence of spinal canal intrusion was 21% to 61% in this study. Sarlak et al ^\[[@R10]\]^ also reported that the rate of medial misplaced pedicle screws was 10.8% in a study of 1797 screws in 148 patients with scoliosis. They suggested that the acceptability of medial pedicle breach might change at each level with different canal width and different amount of cord shift.

Although various anatomic studies on the unique characteristics of thoracic vertebrae in AIS have been previously conducted,^\[[@R4],[@R11],[@R12]\]^ few studies have investigated the position of the spinal cord in spinal canal in AIS. When evaluating the spinal cord relative to vertebrae in AIS, it may be more informative to select cases with a similar spine curve. Therefore, the purpose of the present study was to investigate the relative position of the spinal cord in the spinal canal in Lenke type 1 AIS before surgery.

2. Materials and methods
========================

2.1. Patient demographic data
-----------------------------

This was a retrospective study using prospectively collected data performed in a single academic teaching institution. This study included 35 patients with adolescent right thoracic idiopathic scoliosis classified as Lenke type 1 according to the Lenke classification.^\[[@R13]\]^ The patients underwent pedicle screw fixation between 2011 and 2019. The following criteria were applied for patient selection:

1.  AIS classified as Lenke type 1 and

2.  available preoperative radiographs and CT myelography images.

Exclusion criteria were

1.  proven or suspected congenital, muscular, neurologic, or hormonal causes of scoliosis and

2.  clinical history of any condition that may affect vertebral growth (e.g., cancer history, vertebral abnormalities, muscular abnormalities, or neurologic conditions).

Posteroanterior standing preoperative radiographs of the spine were reviewed to determine the Cobb angle of thoracic curves, the apex vertebra of the curves, and lumbar modifier. Additionally, CT scans were routinely obtained after myelography. All patients who underwent surgery during that period also underwent CT myelography, which were available for analysis. Applying these criteria, 35 (4 male and 31 female) patients with a mean age of 15.6 ± 1.8 years (range, 12--19 years) with Lenke type 1 AIS (1A: 18 patients, 1B: 13 patients, and 1C: 4 patients) were included. The mean Cobb angle of the main curve was 56.7° ± 12.6° (range, 45°--103°). The apex vertebrae ranged from T7 to T11, with T9 being the most common (13 patients, 37.1%), followed by T8 (9 patients, 25.7%), T10 (7 patients, 20.0%), T11 (3 patients, 8.6%), and T7 (3 patients, 8.6%). The mean height of the patients was 157.9 ± 6.2 cm (range, 145--173 cm), and the mean weight of the patients was 49.6 ± 6.9 kg (range, 31--74 kg) (Table [1](#T1){ref-type="table"}).
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2.2. Scanning protocol
----------------------

The patients were placed in the prone position. After myelography, CT scans were obtained using a multislice scanner (Toshiba Aquilion 16, Toshiba Medical, Tochigi, Japan). Image data were obtained in 0.5-mm slices from the level of the occiput to S1. Each CT scan was opened with synchronized axial, coronal, and sagittal displays. The image contrast levels were standardized to enable clear soft tissue and bone demarcation at the level of each vertebra. For the measurement, the local axial viewing plane was adjusted to be parallel to the superior and inferior endplates of the vertebrae. When the superior and inferior endplate planes were not parallel owing to vertebral wedging, an orientation approximately halfway between (i.e., bisecting) the 2 endplate inclinations was selected. Axial images were selected from T4 to T12 vertebrae and 315 images were analyzed.

The measurement was performed by using Picture Archiving and Communication System software. A new coordinate system was defined. The point where the left pedicle axial line intersected the base of the left transverse process (point A) was selected as the origin of this coordinate system because this point is mostly chosen for pedicle screw insertion during practical surgery. A line connecting the middle points of both bases of the superior facets was defined as the pedicular line (X-axis). The Y-axis perpendicular to the X-axis was drawn ventrally from the origin. The angle formed by the Y-axis and a line connecting the origin and the center of the spinal cord was defined as the left spinal cord--vertebral angle (SV angle; angle AB-AD), and the length of a line connecting the origin and the edge of the spinal cord as the left entry--spinal cord distance (ESD; AB). Moreover, we divided the left ESD distance into the X- and Y-units. The X-unit was the rectangular component of the left ESD distance to the X-axis (ESD-X; AC), and the Y-unit was the same to the Y-axis (ESD-Y; AD) (Fig. [1](#F1){ref-type="fig"}). The angle formed by the left pedicle axial line and a line connecting the origin and the center of the spinal cord was defined as the left spinal cord--pedicle angle (SP angle; angle AB-AE) (Fig. [2](#F2){ref-type="fig"}).

![Illustration of a thoracic vertebra, showing the Spinal cord--Vertebral angle (SV angle), Entry--Spinal cord distance (ESD), ESD-X, and ESD-Y. We selected the point where the left pedicle axial line intersected the base of the left transverse process (point A). A line connecting the middle points of both bases of the superior facets was defined as the pedicular line (X-axis). The Y-axis perpendicular to the X-axis was drawn ventrally from the origin. The angle formed by the Y-axis and a line connecting the origin and the center of the spinal cord was defined as the left Spinal cord--Vertebral angle (SV angle; angle AB-AD), the length of a line connecting the origin and the edge of the spinal cord was defined as the left Entry--Spinal cord distance (ESD; AB). Moreover, we divided the left ESD distance into the X- and Y-units. The X-unit was the rectangular component of the left ESD distance on the X-axis (ESD-X; AC) and the Y-unit was the rectangular component of the left ESD distance on the Y-axis (ESD-Y; AD).](medi-98-e18057-g002){#F1}

![Illustration of a thoracic vertebra, showing the Spinal cord--Pedicle angle (SP angle). The angle formed by the left pedicle axial line and a line connecting the origin and the center of the spinal cord was defined as the left Spinal cord--Pedicle angle (SP angle; angle AB-AE).](medi-98-e18057-g003){#F2}

Rotation angle (RAsag) of the vertebra was measured using the angle between a line connecting the junction of the laminae to the dorsal central aspect of the vertebral foramen and a line drawn through the middle of the vertebral body in the sagittal plane ^\[[@R14]\]^ (Fig. [3](#F3){ref-type="fig"}).

![Illustration of a thoracic vertebra, showing the angle of rotation (RAsag). RAsag was measured by using the angle between a line connecting the junction of the laminae to the dorsal central aspect of the vertebral foramen and a line drawn through the middle of the vertebral body in the sagittal plane.](medi-98-e18057-g004){#F3}

Two independent observers (T.I. and T.A.) measured each parameter in consensus (intra- and inter-observer agreement was good to excellent for each parameter; kappa \> 0.70).

The apical vertebra of each patient was selected for sub-analysis and the correlation between the parameters at the apical vertebra and main thoracic Cobb angle magnitude was analyzed.

2.3. Statistical analysis
-------------------------

The variables measured in the study are expressed as mean ± SD. Wilcoxon signed-rank test was used to evaluate differences between the measured data. Pearson correlation coefficient was used to evaluate the association between the parameters. Differences were considered statistically significant when *P* value was \<.05. All statistical analyses were performed using SPSS (version 13; SPSS, Chicago, IL).

3. Results
==========

3.1. SV and SP angles
---------------------

The relative position of the spinal cord to the vertebrae changed dramatically at the thoracic level of the spine. The SV angle was smallest at the T9 level, followed by T8 and T7 levels, and tended to increase cranially and caudally. The SV angle at T9 level was significantly smaller than that at T4, T5, T6, and T10--T12 levels. Additionally, the SP angle was smallest at the T9 level followed by T8 and T7 levels, and tended to increase cranially and caudally. The SP angle at T9 level was significantly smaller than those of T4, T5, T6, and T10--T12 levels (Table [2](#T2){ref-type="table"}).
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3.2. ESD, ESD-X, and ESD-Y
--------------------------

The ESD was shortest at the T9 level followed by T8 and T10 levels, and tended to increase cranially and caudally (Table [3](#T3){ref-type="table"}, Fig. [4](#F4){ref-type="fig"}). The ESD at T9 level was significantly shorter than those at T4, T5, T6, T7, and T11--T12 levels. Additionally, the ESD-X was smallest at the T9 level, followed by T8, while ESD-Y was smallest at the T10 level, followed by T9 and T8 levels. Both parameters tended to increase cranially and caudally. The ESD-X at T9 level was significantly shorter than those at T4, T5, T6, and T10--T12 levels, while the ESD-Y at T10 level was significantly shorter than those at T4, T5, T6, T7, and T11--T12 levels (Table [3](#T3){ref-type="table"}, Fig. [5](#F5){ref-type="fig"}).
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![Entry--Spinal cord distance (ESD). The graph shows ESD at each anatomic vertebral level. The ESD was shortest at the T9 level followed by T8 and T10 levels, and tended to increase cranially and caudally. The ESD at T9 level was significantly shorter than those at T4, T5, T6, T7, and T11--T12 levels.](medi-98-e18057-g007){#F4}

![ESD-X, ESD-Y. The graph shows ESD-X and ESD-Y at each anatomic vertebral level. ESD-X was smallest at the T9 level, followed by T8 level, while ESD-Y was smallest at the T10 level, followed by T9 and T8 levels. Both parameters tended to increase cranially and caudally. The ESD-X at T9 level was significantly shorter than those of T4, T5, T6, and T10--T12 levels, and the ESD-Y at T10 level was significantly shorter than those of T4, T5, T6, T7, and T11--T12 levels.](medi-98-e18057-g008){#F5}

3.3. Rotation angle of the vertebra (RAsag)
-------------------------------------------

The mean RAsag increased from T4 to T9 and decreased from T9 to T12 (Table [4](#T4){ref-type="table"}). The RAsag was the largest at T9 level, followed by T8, T7, and T10 levels, and tended to decrease cranially and caudally (Table [4](#T4){ref-type="table"}). The RAsag at T9 level was significantly larger than that at T4, T5, T6, and T11--T12 levels.
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3.4. Correlation of ESD and RAsag
---------------------------------

ESD was significantly negatively correlated to RAsag (r = −0.267, *P* \< .001) (Fig. [6](#F6){ref-type="fig"}).

![Correlation of ESD and RAsag. ESD was significantly negatively correlated to RAsag (r = −0.267, *P* \< .001).](medi-98-e18057-g010){#F6}

3.5. Apical vertebral parameters and correlation with Cobb angle
----------------------------------------------------------------

The mean SV angle (r = −0.348, *P* = .020), SP angle (r = −0.443, *P* = .004), ESD (r = −0.377, *P* = .030), ESD-X (r = −0.387, *P* = .031), and ESD-Y (r = −0.330, *P* = .026) showed a significant negative correlation with Cobb angle, while RAsag (r = 0.531, *P* = .001) showed a significant positive correlation with the Cobb angle (Table [5](#T5){ref-type="table"}).
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Apical vertebral parameters and its correlation with Cobb angle magnitude.
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4. Discussion
=============

Pedicle screw fixation had been widely accepted as the preferred spinal implant instrumentation for corrective surgery of spine deformities. However, a recent study performed on 140 AIS patients with 2020 pedicle screws implanted showed a perforation rate of 20.3%, with only 2.2% critical perforations.^\[[@R15]\]^ Dural tears, aortic injury, neural injury, and lung complications such as pleural effusion and pneumothorax have been reported as the complications of pedicle screw insertion.^\[[@R5]\]^ Among these complications, iatrogenic spinal cord injury is one of the most severe complications of scoliosis correction. Although many studies have addressed the vertebral morphology of AIS,^\[[@R4],[@R11],[@R12],[@R16]--[@R18]\]^ the position of the spinal cord in the spinal canal in AIS has not been quantified sufficiently. The placement of pedicle screws in the thoracic spine for the treatment of pediatric spinal deformity had been reported to be safe despite the high rate of malpositioned screws. However, neurologic complications were encountered and reported. Hicks et al^\[[@R6]\]^ reported 7 pedicle screw complications over a 17-year period of AIS treatment, including thoracic pain with radiculopathy, somatosensory-evoked potentials disappearance after screw insertion, Brown-Sequard syndrome, paraplegia, and catastrophic neurologic events. Furthermore, 3 studies reported dural leaks during screw placement.^\[[@R5],[@R9],[@R19]\]^

Pedicle screws are often applied at the apex because of the better correction strength. However, few investigations have reported on the safety of this procedure and the relative position of the spinal cord to pedicle. Smorgick et al ^\[[@R20]\]^ retrospectively reviewed magnetic resonance imaging (MRI) findings of 45 patients with AIS and showed that spinal cord in AIS tended to follow the appearance of the curve, being tethered on the concave side and the immediate proximity of the spinal cord to the pedicle around the apex area. Wang et al ^\[[@R21]\]^ also reviewed MRI findings of 33 patients with AIS and investigated the relative position of the spinal cord in the spinal canal. They reported that the average distance from the spinal cord to the medial wall of pedicle at the concave side was significantly lower than that at the convex side. Although the result and conclusion were same to the present study, previous studies ^\[[@R20],[@R21]\]^ were based on MRI. MRI is a less invasive tool that can visualize soft tissue morphometry better than CT myelography. The disadvantages of MRI are the limitation of the number of image slices. Image data of CT myelography were obtained in 0.5-mm slices in the present study. It is a better tool for visualizing osseous vertebral morphology and the spinal cord in detail. Furthermore, a multiplanar reconstruction view of CT myelography can provide accurate data. Therefore, the present study was performed using CT myelography.

In the present study, we investigated the position of the spinal cord relative to the position of pedicle screw insertion point. The SP angle was smallest at the apex vertebra and tended to increase cranially and caudally. The ESD was also shortest at the apex vertebra and tended to increase cranially and caudally. Therefore, the potential risk of the spinal cord injury by pedicle screw is highest at the apical vertebral region. Sarwahi et al ^\[[@R22]\]^ investigated the abnormal pedicles in spines with AIS and in normal cases. They found a significantly higher prevalence of abnormal pedicles in patients with AIS, and most of the abnormal pedicles were in the thoracic spine on the concave side and in the periapical and apical regions. This risk was further increased because of slimmer, more distorted, more sclerotic, and shorter pedicles in thoracic scoliosis.^\[[@R23]\]^

The present study also showed the mean RAsag was largest at the apex vertebra (T9) and tended to decrease cranially and caudally (Table [4](#T4){ref-type="table"}), and the ESD was significantly correlated RAsag (Fig. [6](#F6){ref-type="fig"}). It indicates that the rotational deformity is largest at the apex vertebral region and support the conclusion that the potential risk of spinal cord injury by a pedicle screw increases around the apex vertebral region. Other anchoring methods may be selected when preoperative evaluation reveals narrow pedicles.^\[[@R24]\]^

The strength of the present study comparing previous studies ^\[[@R20],[@R21]\]^ was to analyze the relationship between apical vertebra parameters and main thoracic Cobb angle magnitude. The mean SV and SP angles were significantly negative correlated to Cobb angle. The mean RAsag was significantly positive correlated to Cobb angle. The mean ESD, ESD-X, ESD-Y were significantly negative correlated to Cobb angle (Table [5](#T5){ref-type="table"}). It indicated that the rotational deformity is larger at the apex vertebra in patients with larger Cobb angle, and the potential risk of the spinal cord injury by pedicle screw is more increased at the apex vertebra in patients with larger thoracic Cobb angle.

There are still limitations in the present study. It would have been ideal if we could increase the sample of patients, repeat the same measurements in other patients with Lenke type 1 AIS, and observe if there are differences of these parameters among different Lenke curve types.

5. Conclusion
=============

Our study showed the relative position of the spinal cord in the spinal canal in patients with Lenke type 1 AIS. The spinal cord was close to the vertebrae at the apical vertebral region and far away from the vertebrae at the upper and lower thoracic vertebral level. Pedicle screw placement in the concave side of the apex should be evaluated carefully before operation.
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